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INTRODUCTION

Conjugation is the highly specific process whereby DNA
is transferred from donor to recipient bacteria by a mecha-
nism involving cell-to-cell contact. This process is usually
encoded by conjugative plasmids, which have been isolated
from a diverse range of gram-negative bacteria and include
members of more than 20 incompatibility groups (listed in
Appendix B of reference 32; 24, 53). All of these plasmids
encode conjugative pili necessary for establishing cell-to-cell
contact, and their molecular mechanisms of conjugation may
be similar. However, it is likely that many genetically
distinct conjugation systems exist, since plasmids from one
incompatibility group or family do not complement transfer-
deficient mutants of another. Also, plasmids belonging to
different incompatibility groups generally show little DNA
homology (see reference 53), and conjugative ability requires
an extensive region of plasmid DNA (comprising about one-
third of the genome or 33 kilobases [kb] in the case of F; Fig.
1). Naturally occurring plasmids belonging to the same
incompatibility group usually share extensive DNA homolo-
gy and encode related pili and conjugation systems (25, 53),
although this relationship is evolutionary and not obligatory.
The transfer mechanisms of conjugative plasmids in gram-
positive bacteria are likely to be biochemically as well as
genetically distinct from those in gram-negative species
since these plasmids do not encode pili for recognition of
potential recipient cells (see reference 37 for review).

This review will concentrate on the central aspect of
conjugation: the processing of plasmid DNA during its
conjugative transfer. This processing includes nicking and
initiation of DNA transfer at the origin of transfer site,
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separation of the two plasmid DNA strands, strand transfer,
conjugative DNA synthesis in both donor and recipient cells,
and recircularization of the conjugatively replicated plasmid
molecules. Discussion will necessarily be limited to plasmids
that have been studied in Escherichia coli, those with the
best understood conjugation systems being IncF plasmids
including, in particular, F itself (reviewed most recently by
Willetts and Skurray [186]). We shall examine carefully the
extent to which information on F transfer is known to hold
for the conjugation systems of plasmids in other incompati-
bility groups, since F is often taken as a model. Also, we
shall review the molecular mechanisms by which certain
conjugative plasmids mobilize small (<10 kb) naturally oc-
curring nonconjugative plasmids such as ColE1, the related
plasmid CloDF13, and the broad-host-range IncQ plasmid
RSF1010.

This review will not encompass the cellular interactions
that occur during conjugation, including the nature and
diversity of conjugative pili, and the formation and dissocia-
tion of mating pairs or aggregates. These aspects have
recently been reviewed by Bradley (25), Manning and Acht-
man (116), and Willetts and Skurray (186).

TRANSFER OF DNA
Single-Strand Transfer

The fate of the two component DNA strands of a plasmid
during conjugation was first analyzed with F, and this
plasmid remains the best documented in this regard. The
finding that minicell recipients accumulated predominantly
single-stranded DNA during F-mediated conjugation sug-
gested that only one strand of the plasmid is transferred (42,
43). Analysis of which strand of A\ prophage was transmitted
from Hfr or F-prime donor strains showed that a unique
strand is indeed transferred, with the 5’ terminus leading
(92, 130, 141). It was subsequently found that this strand of F



VoL. 48, 1984

is the denser of the two in polyuridylate-polyguanylate
[poly(U,G)]-CsCl gradients and that the lighter is retained in
the donor cell (165, 166), thus ruling out the possibility that a
strand is degraded in the transfer process. By selectively
labeling DNA in either the donor or the recipient cell, it was
demonstrated that DNA is synthesized on the transferred F
strand in the recipient (130, 165) and that the strand retained
in the donor serves as template for synthesis of DNA to
replace that transferred (165, 166). After mating, such conju-
gatively replicated DNA was recoverable from both donor
and recipient cells in the form of covalently closed circular
molecules. IncFII plasmid R538-1 also transfers a specific
strand which is likewise the more dense in a poly(U,G)-CsCl
gradient (164). Given the similarity of the conjugation sys-
tems of IncF plasmids, it is a reasonable assumption that
plasmids of this group are all transferred by the same overall
mechanism as F itself.

The Incla plasmid R64drd-11 also transfers the strand that
preferentially binds poly(U,G) (166), and other plasmids of
this group such as Collb-P9 and R144 are presumably similar
in this regard. Although the gradient of recombinants gener-
ated in matings with R144-mediated Hfr donor strains indi-
cates unidirectional transfer of DNA (54), the chemical
polarity of the transferred Incla plasmid strand has yet to be
established. The molecular nature of the DNA transmitted
by other groups of conjugative plasmids has not been studied
and caution should be exercised in extrapolating to these the
information gained for F. For only one, the IncP plasmid
RP4, has it even been shown that transfer is unidirectional
(6, 81).

The same paucity of information obtains for the numerous
small nonconjugative plasmids that are mobilizable. In no
case has it been demonstrated that a unique strand is
transferred or that DNA is transferred with a leading 5’
terminus. However, if the ‘‘relaxation complexes’ (see
section, ‘‘Nicking at oriT"’) formed by many nonconjugative
plasmids can be taken as an accurate in vitro representation
of events occurring during conjugation in vivo, transfer of a
unique plasmid strand would be expected since a unique
strand is nicked.

Route Through the Cell Envelope

The pilus is required at least for the cell-to-cell interac-
tions that precede DNA transfer, although it is not known
whether it forms the bridge through which the DNA passes
from the donor to recipient cell. Representative conjugative
plasmids belonging to all incompatibility groups tested in E.
coli K-12 and in Pseudomonas spp. are known to specify pili
(24, 25), and a role in conjugation has been demonstrated for
F (128), I (88), W (23), and N and P (26) pili. The F pilus (see
references 116 and 182 for recent reviews) is the best
studied; it forms a specific contact with the potential recipi-
ent cell and its retraction brings the cells into wall-to-wall
contact. The pairs or aggregates thus formed are initially
sensitive to shear forces but are then stabilized by an
unknown process requiring the products of traG and traN
(117). There is indirect evidence that I pili also retract; their
production by E. coli cells is stimulated by I-pilus antibody,
and this was interpreted as reflecting inhibition of pilus
retraction (110).

Presumably a channel is formed between the juxtaposed
donor and recipient cell envelopes to allow DNA transfer.
This channel might be equivalent to a ‘‘stub’’ of the pilus,
which has an axial hole just large enough to accommodate
single-stranded DNA (71). In accordance with this, sodium
dodecyl sulfate at a concentration that depolymerizes F pili
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did not prevent DNA transfer once mating aggregates had
been formed (4). There is no conclusive evidence to resolve
whether or not plasmid DNA can utilize the extended pilus
as a bridge for entry into the recipient cell, despite efforts in
this direction (135).

An alternative model is that donor and recipient cell
envelopes fuse locally at the point of contact and that a
transmembrane ‘‘pore’’ is formed through which DNA is
transferred. Evidence favoring this concept is provided by
the report that phage A receptor sites are exchanged bidirec-
tionally between Hfr and F~ cells as a consequence of
conjugation (R. Goldschmidt and R. Curtiss, unpublished
data in reference 48). Such a union might also allow efficient
transfer of specific plasmid proteins required for conjugative
DNA metabolism in the recipient cell, since F tra gene
products are largely membrane located (98) as are, at least in
the case of R64drd-11 (55, 67) and Rldrd-19 (64), conjugative-
ly replicating plasmid DN A molecules in donor and recipient
cells.

The product of the F traD gene is located in both the inner
and outer cell membranes (3), and by analogy with its role in
penetration into the cell of the RNA of some pilus-specific
phages (136), it may also be required for transport of plasmid
DNA through the cell envelope. Alternatively, it might have
a role in strand separation (99). The traD protein has been
purified, but no DNA binding or ATPase activity has been
discovered in preliminary experiments (D. Panicker and E.
Minkley, personal communication). It is of interest that the
traD product is essential for the mobilization of ColEl (7,
182) but not CloDF13 (161, 182).

ORIGINS OF TRANSFER
The oriT Site

Transfer of plasmid DNA is initiated at a specific site on
the plasmid molecule denoted the origin of transfer or oriT.
Such a site on F was first recognized in deletion mapping
experiments and was located at one end of the transfer
region (85, 86, 180). Figure 1 shows a physical map of the F
transfer region, including oriT; this site is asymmetric and
oriented such that the transfer region is transferred last.
Similar experiments indicate that IncP (RK2 and RP4) and
IncN (R46 and N3) plasmids also possess an oriT region
located in an analogous position with respect to their conju-
gation genes (6, 30, 83; A. Brown and N. Willetts, unpub-
lished data).

Since oriT is a specific site, and plasmids containing such a
sequence can be selected via their efficient transfer from
bacteria carrying a compatible conjugative plasmid to pro-
vide the necessary trans-acting functions, cloning tech-
niques are ideal for the isolation and analysis of DNA
fragments carrying an oriT site. For example, the F oriT site
was initially cloned on an 8.3-kb EcoRI fragment (5) and then
on a 1.1-kb Bg/II fragment (154), a 540-base pair (bp) Bg/lI-
Sall fragment (97), and a ca. 385-bp Bglll-Haell fragment
(62). It should be noted that the latter lacks the contiguous
156-bp Haell-Salll fragment previously thought to contain
oriT (155).

Short DNA fragments containing the oriT site of other
conjugative plasmids have also been cloned. These include
R1 and R100 (IncFII; see Table 1), Collb-P9 (Incla; C.
Wymbs and B. Wilkins, unpublished data), RK2 and RP1
(IncP; 83, 84, 173; K. Derbyshire and N. Willetts, unpub-
lished data), and R46 (IncN; A. Brown, G. Coupland, and N.
Willetts, unpublished data). Examples of nonconjugative
plasmids whose oriT regions have been cloned are ColE1l
(172; Fig. 2), its close relative pMB1 (46, 68), and RSF1010
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FIG. 1. Physical and genetic map of the transfer region of plasmid F. The numbers show kilobase coordinates and the horizontal lines
above the genes represent transcripts. The direction of DNA transfer from oriT is such that the transfer region is transferred last. The traM
and traJ promoter regions have been sequenced (156) and the traY-Z operon has been shown to have its own separate promoter (P.
Mullineaux and N. Willetts, unpublished data). finP may be transcribed from the DNA strand opposite the long leader sequence of the traJ
mRNA (N. Willetts, J. Maule, and R. Thompson, unpublished data). The vertical arrows with open and closed circles indicate the positions of
EcoRI and Bglll cleavage sites, respectively. Transcription from the promoters for traM and for the traY-Z operon is dependent on the
product of traJ, which is in turn negatively regulated by the FinOP repressor (68, 73, 181). The tral and traZ genes are transcribed
constitutively from a second promoter at about 18% of the level from the traJ-induced traY-Z operon promoter (Mullineaux and Willetts,
unpublished data). Roles attributed to the genes are: regulation, finP and traJ; pilus formation, traA, -L, -E, -K, -B, -V, -W/C, -U, -F, -Q, -H,
and -G; stabilization of mating pairs, traN and -G; conjugative DNA metabolism, traM, -Y, -D, -1, and -Z; surface exclusion, tra$ and -T.

Further details are given in Willetts and Skurray (186).

(IncQ; Derbyshire and Willetts, unpublished data). The
above examples have confirmed that all of these plasmids do
indeed carry a relatively short oriT site required in cis for
conjugative transfer.

Cloning followed by sequencing of oriT DNA fragments
has been used to determine the nucleotide sequences of the
oriT regions of several plasmids including F (R. Thompson,
L. Taylor, K. Kelly, R. Everett, and N. Willetts, submitted
for publication), RK2 (84), ColE1l (13), pMB1 (on pBR322;
145, 153), pSC101 (126), and RSF1010 (Derbyshire and
Willetts, unpublished data). Some of these sequences are
shown in Fig. 3, together with regions of dyad symmetry
which might be important for their oriT function.

Nicking at oriT

There is indirect evidence from two types of experimental
systems suggesting that a nick is introduced at the oriT site in
a specific plasmid strand. First, mild lysis of host cells has
allowed the isolation of a complex consisting of superhelical
plasmid DNA and proteins that can introduce a nick into one
of the plasmid strands when treated with such agents as ionic
detergents, proteases, or ethidium bromide. The best studied
relaxation complex is that of ColE1 (38, 39), for which it has
been shown that the DNA is associated with three distinct
proteins of 60,000, 16,000, and 11,000 daltons (112). Al-
though at least one of these proteins (the 16,000-dalton
polypeptide) is thought to be encoded by a mob gene of
ColE1 itself (44, 57, 95), the provenance of the others,
whether from plasmid or host genes, is unknown.

Upon relaxation of the ColE1 complex, the 60,000-dalton
protein becomes covalently linked to the 5’ terminus of the
nick, whereas the two smaller proteins dissociate (15, 82,
112). The nick is located in the heavier (H) of the two strands
in a poly (U,G)-CsCl gradient at a specific location (designat-
ed nic; 172) about 270 bp from oriV, the origin of vegetative
replication (13, 14, 111, 151, 158; Fig. 2). The relaxation
complex is implicated in conjugation since ColE1 mutants
deficient in forming the complex are mobilized inefficiently
(45, 57, 94). Furthermore, the site at which the mobility
proteins act has been located at or close to the nic site, using
cis-acting deletion mutations that prevent mobilization (172).
Hence, nic is presumably the same as oriT and nicking at this
site, together with linkage of the resulting 5’ terminus to the

60,000-dalton protein, may be a prelude to DNA transfer.

Similar strand- or site-specific nicking, or both, of relax-
ation complexes has been reported for other nonconjugative
plasmids, including ColE2 (14, 111), pSC101 (127), and
RSF1010 (127), and for the conjugative plasmids F (100;
although a subsequent study [97] failed to reveal oriT-
specific nicking), R12 (IncFII; 124), RK2 (IncP; 83), and
R6K (IncX; 106, 127).” Although two Incla plasmids, Collb-
P9 and Ré64, can also be isolated as relaxable complexes of
supercoiled DNA and protein (40, 107), they need further
examination since neither a strand-specific nor a site-specific
nick has been demonstrated and a nonspecific endonuclease
may have been responsible for the nicking.

A second system that allows recognition and characteriza-
tion of a nick at the oriT site has been developed for F by
Everett and Willetts (61) and may also be applicable to other
plasmids. It is based upon the observation that when a \
oriT* transducing phage, constructed in vivo or by in vitro
cloning techniques, is grown in F tra* cells, about 10% of
the phage genomes in the resultant lysate contain an inter-
ruption in one DNA strand. This ‘‘nicking’’ appears to be a
conjugation-dependent phenomenon since it occurred only
when the phage was oriT" and the cells carried F tra*, and it
took place in the strand that is transferred during conjugation
(61, 62). The 3’ terminus at the interruption contained a
hydroxyl group since it was susceptible to exonuclease III
and primed DNA synthesis by DNA polymerase 1. Howev-
er, the nicked DNA could not be religated with T4 ligase,
although it was insensitive to endonuclease S1, indicating
that either the 5' terminus at the nick is modified in some
unknown way or the strand interruption actually consists of
the deletion or addition of a small number of bases (61;
Thompson et al., submitted).

The nick sites have been located on the DNA sequences of
ColE1 (13), pSC101 (126), and F (62; Thompson et al.,
submitted), using nicked relaxation complex DNA or A
oriT* genomes as the starting material. The nick sites are
shown in Fig. 3. In ColE1 and pSC101, the nick is near one
end of a region of imperfect twofold rotational symmetry,
and it is presumably at a similar location in the related
imperfect symmetry regions of pMB1 and CloDF13. No such
regions exist in F, RK2, or RSF1010. In F, there were
apparently three or more nick sites, used with different
frequencies; it remains to be determined whether these
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FIG. 2. Map of the conjugative mobility region of plasmid ColE1. The map is based on that of Dougan et al. (56) and a nucleotide sequence
of part of this region (132). Kilobase coordinates extend from the origin of replication (oriV; 158), the arrowhead indicating the rightward
direction of fork movement. Verticle arrows indicate the position of Haell cleavage sites, nic is the putative origin of DNA transfer (see text),
the pair of horizontal lines indicates the extent of the mobility region mapped using transposon insertion mutants (56), and the vertical dashed
lines show the approximate limits of segments defining three complementation groups, mob-1, -2, and -3 (96). rriA and rriB are presumptive
assembly sites for primosomes that will generate primers to initiate leftward and rightward DNA synthesis, respectively (16, 125). The
mobility region is thought to be transcribed from left to right (58); the horizontal broken line indicates the direction of transcription from a
cyclic AMP receptor protein-dependent promoter (CRP; 137) identified immediately to the left of nic in the homologous region of pBR322

(derived from the ColE1l-like plasmid pMBI1).

multiple sites have biological significance or whether they
result from the N oriT methodology. For example, nick
translation and endonucleolytic cleavage of the displaced
strand might be necessary to remove a protein covalently
bound to the true 5’ oriT terminus and thus to allow
packaging of the A oriT DNA. Centered 126 bp to the right of
the strongest A oriT nick site is a striking region of dyad
symmetry that is related in sequence to similarly placed
inverted repeat sequences in ColE1l and CloDF13 but not
RK2 or RSF1010; this region may be the recognition site of a
host- or plasmid-encoded protein necessary for mobilization
by the F conjugation system. Between the oriT nick sites and
this region of dyad symmetry is an adenine-thymine-rich
region (nucleotides 148 to 234; ca. 80% adenine-thymine)
which could aid initial strand separation: an adenine-thy-
mine-rich region is common to the vegetative replication
origins of several plasmids and bacteriophages.

Use of bacteria containing F lac tra point and deletion
mutants in conjunction with X oriT* phages showed that in
vivo nicking at oriT requires the products of tra¥, traZ, and
traJ (61). The traJ protein plays a regulatory role in tran-
scription of the tra operon and its role in the nicking process
may therefore be indirect. Interestingly, traY and traZ are 30
kb apart, at the extremes of the large traY-traZ operon (Fig.
1). The traY product has been located in the cell envelope
(116) and the traZ product (protein ‘‘2b’’) has been located in
the cytoplasm (3); this may place a complex of the two,
together with oriT, strategically at the boundary of the
cytoplasm and cell membrane. Regrettably, no traY or traZ
point mutants of F have been isolated so far.

The recognition site of the F traYZ endonuclease activity
has been partially defined by determining the sequences of
several oriT mutants. These were isolated by taking advan-
tage of the pronounced instability, in the presence of F lac,
of a pBR322 derivative with oriT cloned in one particular
orientation; stable mutants proved to carry oriT mutations
(62). Eleven independent mutations were found tobe C — T
transitions at either position 141 (two mutations) or 146 (nine
mutations) which lie 14 or 19 bp to the 5’ side of the major A
oriT nick (Thompson et al., submitted) (Fig. 3). The muta-
tion at position 141 was shown to prevent nicking when the
mutant plasmid sequence was cloned into a A vector and the

resultant \ oriT~ phage was grown in the presence of F tra*
(62). This base pair is located in one, but not the other, of
two alternative inverted repeat sequences (Fig. 3), but it is
not known whether these structures play a role in the
recognition of oriT by the traYZ endonuclease. If the multi-
ple \ oriT nicks are derived by nick translation from the true
oriT nick site as suggested above, the oriT mutation at
position 141 could be very close to this site. More extensive
sequencing studies of oriT mutants, together with the estab-
lishment of an in vitro system for nicking at oriT, are
required to complete our understanding of this first stage in
conjugative DNA metabolism.

Initiation of DNA Transfer

DNA transfer and conjugative DNA synthesis are initiated
in response to an as yet unidentified signal generated by
mating-pair formation. This signal does not appear to be
necessary to trigger nicking at oriT, since \ oriT* phages
were nicked when grown in cells carrying F mutants unable
to synthesize a pilus. Nicking and religation at oriT may
therefore occur continuously in donor cells, giving an equi-
librium between the covalently closed and oriT-nicked forms
of the plasmid (61).

Initiation does not result from de novo synthesis of tra
gene products since these are all expressed constitutively
under positive control by traJ (181). Furthermore, pretreat-
ment of donor cells with rifampin did not prevent transfer of
F (99, 178) or mobilization of ColE1 (N. Willetts and J.
Maule, unpublished data). These findings also make it un-
likely that oriT is activated by transcription over this region
from the nearby promoters recognized in the sequences of F
and ColE1 (Fig. 3; see below), as suggested elsewhere for
ColE1 transfer (69). Hence, mating-pair formation may
cause an allosteric change in structure of a key protein or
alteration of its intracellular location, with consequent acti-
vation of oriT.

One candidate for this protein is the traM product, which
although not required for pilus synthesis, formation or
stabilization of mating pairs, or nicking at oriT, is essential
for DNA transfer and conjugative DNA synthesis in the
donor cell (99). Consistent with this, there are three alleles of
traM among IncF plasmids (Table 1 in reference 186) corre-
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AGCAACAAGG CGGCGGATCG GCTGGCCAAG CTC
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FIG. 3. Sequences of oriT reglons oriT region of F, located in the intercistronic region between gene “X’’ (an unassigned open reading
frame) and traM. Numbenng is from the center of the BglII sité located to the left of oriT. Putdtive promoter (-35, -10) sequences and a
possible protein n’ recognition site are marked, as are inverted repeat sequences, the three major oriT nick sités (1, 2, 3 in the lower strand),
and the C—T transitions at positions 141 and 146 that give oriT mutations. Sequences similar to those in boxes also form inverted repeats in
ColE1 and CloDF13. The data for traM are taken from Thompson and Taylor (156) and those for oriT are from Thompson et al. (submitted).
(b) oriT region of ColEl. The nucleotide sequence was taken from Oka et al. (132). Numbering is from the origin of replication (158). The
upper and lower lines are the L and H strands, respectively. The most likely position of the relaxation nick site (nic), as proposed by Bastia
(13), is shown (A), although its precise location may be one or two nucleotides away from this. The imperfect twofold rotational symmetry of
the region including nic and prominent inverted repeats are shown (13, 16, 118). The boxed sequences are related (19 of 24 bases) to part of the
large inverted repeat in F between nucleotides 228 and 278. The pBR322 (derived from pMB1) sequence in the nic region (153) is closely
similar to that of ColE1, the region of twofold rotational symmetry being between coordinates 2,251 and 2,261. Hexanucleotides that may be
recognized by protein n’ and contribute to the rriA and rriB primosome assembly sites (16, 118, 125) are marked. The -10 sequence of the
predicted cyclic AMP receptor protein-dependent promoter, the TGTGNgCACA symmetry in its cyclic AMP receptor protein binding site,
and the initiationi site of rightwards transcription (- - - - I>) are shown (137) (c) oriT region of CloDF13 (A. Snijders, A. van Putten, E.
Veltkamp, and H. J. Nijkamp, personal communication.) Position 604 is the Hpal coordinate reference point. The origin of transfér is
probably located in the lower strand as drawn, within the region of imperfect twofold rotational symmetry (609 to 598) since this is similar to
the oriT i'eglons of ColEl1 and pMB1, and a Tn%0! insertion within it (161) caused a dominant oriT mutation. The boxed inverted repeat
sequences (561 to 536) are related to the similarly placed inverted repeats in ColE1 (12 of 20 basés) and F (13 of 20 bases). oriV (149) and a pro-
moter séquence comparable to the cyclic AMP receptor protein-dependent promoter of pBR322 (137) are located ca. 285 and 100 bp,
respectively, to the left of oriT as drawn. (d) nic region of pSC101, taken from Nordheim (126). Unknown bases are designated N, and the nic
site (A) and a possuble region of imperfect twofold rotational symmetry are marked. (e) oriT reglon of RK2 on a 112-bp Hpall fragment (84). A
large inverted repeat is marked with arrowheads, and a direct repeat is underlined. (f) oriT region of RSF1010 on a 153-bp Tagl fragment
(Derbyshire and Willetts, unpublished data). Three sets of inverted repeats are indicated. The sequence of nine nucleotides marked A is the
same as that immediately to the 5’ side of the relaxation nick site in ColE1, and the origin of DNA transfer may be located within or near this
region.
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sponding to the three different oriT sequences described in
the next section, and mobilization of ColE1, which has yet
another oriT sequence, does not require the F traM product
(161, 182). Moreover, the traM protein is appropriately
located in the inner membrane of the cell (3, 156), and
preliminary experiments indicate that it binds specifically to
the 1.1-kb BglII fragment of F that includes oriT (D. Mus-
grave and M. Achtman, personal communication).

oriT Specificity

oriT sequences differ between plasmids and are highly
specific. Even among IncF plasmids, which encode closely
related pili and have genetically similar transfer regions,
three different oriT sequences have been recognized. Table 1
shows that derivatives of the non-mobilizable vector plasmid
pED82S carrying the cloned oriT regions of F lac, R1drd-19,
or R100drd-1 were only mobilized efficiently by the parental
conjugative plasmid. As a corollary, the alleles of traY and
traZ (and of any other genes with products acting at oriT)
should also vary between the different IncF plasmids, and
genetic data indicate that this is indeed the case (see Table 1
in reference 186 and Table 2 in reference 183).

The oriT sequences of nonconjugative plasmids also differ
from each other. This has been directly demonstrated by
sequencing studies of the oriT regions of ColE1l, RSF1010,
and pSC101 (Fig. 3) and indirectly by genetic studies. For
example, since the mob gene products probably interact with
oriT, the failure of ColE2 to complement ColE1mob mutants
(171, 172) suggests that the oriT sequences of ColE1 and
ColE2 differ, even though both are mobilized by the same
Incl conjugative plasmids. Nonconjugative plasmid oriT
sequences also differ from those of conjugative plasmids able
to mobilize them, as exemplified by the dissimilarity of the
oriT sequences of F and ColE1 or CloDF13 and of RK2 and
RSF1010 (Fig. 3). In accordance with these differences, the
traYZ endonuclease of F is not required for transfer of either
ColE1 (61, 185) or CloDF13 (182). Presumably the mobiliza-
tion genes of ColEl (or CloDF13) provide the necessary
nicking function, although the precise role of these gene
products, and even their number and sizes, have not yet
been fully established (44, 57, 95, 96; M. Saul and D.
Sherratt, personal communication).

Further consideration of the mobilization of nonconjuga-
tive plasmids reveals that, in addition to the specificity of
interaction between their oriT sequences and their mob gene
products, a second specific interaction must be invoked to
explain why they differ in their ability to be mobilized by
various conjugative plasmids. For example, ColE1 is mobi-
lized efficiently by IncF, Incl, and IncP plasmids but weakly
by IncW plasmids (138, 170). ColE2 is mobilized at a much

TABLE 1. Mobilization of oriT recombinant plasmids

L Mobilization®
Conjugative

plasmid pED822 pED221 pED222
(oriT-F) (oriT-R1) (oriT-R100)
F lac 140 6 x 1074 2x1073
pED219* 2x 1073 112 4 x 1073
R100drd-1 0.3 7 x 1073 205

¢ Expressed as a percentage of the transfer of the conjugative
plasmid. pED221, pED222, and pED822 are derivatives of the 2.25-
kb vector plasmid pED825 carrying the oriT sites of the conjugative
plasmids on 0.4- to 1.6-kb fragments (62; N. Willetts, R. Everett, W.
Srruth and J. Maule, unpublished data).
b pED219 is a derivative of R1drd-19 determining only kanamycin
resistance.
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higher frequency by IncI than by IncF plasmids (89), where-
as RSF1010 is mobilized efficiently by IncP plasmids but
only poorly by Incl and not at all by IncF plasmids (184).
Further examples are given elsewhere (183). This type of
specificity is also apparent among conjugative plasmids,
since, for example, pilus-deficient F tra mutants, still ex-
pressing the gene products that interact with oriT, were not
transferred by an Incla plasmid (179). It is clearly necessary
that the conjugative plasmid’s system for physical transfer of
DNA should recognize the nonconjugative plasmid’s oriT
mobilization system, or possibly a second DNA sequence
other than oriT (183).

STRAND SEPARATION

After nicking at oriT of the strand destined for transfer, the
two DNA strands of a plasmid must be unwound to allow
transmission of a single strand to the recipient cell. It has
recently been demonstrated that DNA helicase I, a DNA
unwinding enzyme isolated from F-containing cells, is the
product of the F tral gene (2a). This fibrous protein, which
unlike most tra gene products is located in the cytoplasm (3),
has a molecular weight of about 180,000 (185) and it pos-
sesses a DNA-dependent ATPase activity (1). In vitro stud-
ies with phage DNA substrates (2, 105) have revealed that
unwinding may first require the binding of 70 to 80 molecules
of the protein to a single-stranded region of DNA of about
200 nucleotides. The resulting multimer may then migrate as
a stable complex along this strand, using the energy of ATP
hydrolysis for DNA unwinding. Migration proceeds in the 5’
to 3’ direction, and the estimated rate of unwinding by DNA
helicase I is about 1,200 bp/s (105).

Since tral mutants of F can promote formation of stable
mating pairs but are defective in DNA transfer and conjuga-
tive DNA synthesis in the donor (99), DNA helicase I is
presumably required for unwinding the DNA strands of F as
an essential preliminary to DNA transfer. In this role, the
enzyme might bind near the 5’ terminus of the nicked strand
and then processively unwind the helix, thus displacing the
bound strand into the recipient cell (Fig. 4). The rate of
unwinding stated above is similar to the rate of F-determined
chromosomal DNA transfer by Hfr strains. The F tral
product is not interchangeable with that of the closely
related IncFII plasmid R100drd-1 (185), indicating that its
interaction with F DNA or other F tra products is specific.
In vitro studies of DNA helicase I, using a DNA substrate
that includes the F oriT sequence rather than bacteriophage
DNA, might therefore be instructive. The F tral product is
not required for mobilization of ColE1 (7, 182, 185) or
CloDF13 (161, 182), so presumably these must €ither con:
tribute their own unwinding protein or utilize a host-encoded
product.

DNA gyrase (Eco DNA topoisomerase II), an E. coli
enzyme that converts relaxed closed circular duplex DNA to
a negatively supercoiled form (see reference 77) may also be
involved in conjugative DNA transfer. This is suggested by
genetic and molecular studies with nalidixic acid, which is an
inhibitor of gyrase (150) and acts in sensitive donor cells to
inhibit initiation and continuation of transfer and conjugative
synthesis of F plasmids (12, 42; R. Everett and N. Willetts,
unpublished data), R64drd-11 (67), and chromosomal DNA
of Hfr strains (17, 28, 49, 70, 87, 91). By analogy with the
possible role of gyrase in replication of closed circular
duplex DNA (77), the enzyme may be réquired in conjuga-
tion to promote protein-DNA interactions necessary for
triggering DNA transfer and, if axial rotation of the opened



VoL. 48, 1984

strand is restrained, to facilitate DN A unwinding. However,
it is premature to conclude that gyrase-induced DNA super-
coiling is essential for the transfer process since there is
evidence from other systems that nalidixic acid may cause
gyrase-DNA complexes that block DNA metabolism and
break DNA independently of its effects on supercoiling (see
reference 77 for review). Thus, the role of gyrase in conjuga-
tive DNA transfer needs to be evaluated by other approach-
es involving, for example, temperature-sensitive gyr mutants
(104, 133).

CONJUGATIVE DNA SYNTHESIS

Transfer of a single strand of plasmid DNA is normally
associated with synthesis of a replacement strand in the
donor cell (termed DCDS) and of a complementary strand in
the recipient (RCDS). Most of the information on this DNA
synthesis stems from studies of F and of two transfer-
derepressed Incla plasmids, Collb-P9drd-1 and R64drd-11,
all of which have the necessary attribute of promoting
efficient conjugation in liquid culture. Conjugative DNA
synthesis, like other instances of DNA replication, requires
the formation of a 3'-OH primer terminus and an elongation
reaction involving a DNA polymerase. Identification of
participating enzymes has depended largely on measurement
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of DNA synthesis in conjugating temperature-sensitive (Ts)
dnaB, -E and -G mutants of E. coli, exploiting the fact that a
number of these mutants abruptly cease to support vegeta-
tive DNA replication at restrictive temperature. Since many
of the pertinent investigations were reported before the
enzymatic properties of these dna gene products were
elucidated, this section will include a short survey of our
understanding of relevant DNA replication proteins.

The dnaE product is the subunit and catalytically active
component of the core of DNA polymerase III holoenzyme
(103, 147), the primary replicative DNA polymerase of E.
coli. Three enzymatic mechanisms for the generation of
primers for this enzyme have been defined through studies of
the requirements for DNA synthesis on the single-stranded,
circular DNAs of small bacteriophages in the presence of
single-strand binding protein. The first of these mechanisms
involves RNA polymerase; this acts at a specific, highly
base-paired region in the viral strand of phage M13 (or fd) to
synthesize an RNA primer in a rifampin-sensitive process
(31, 74, 76). The second and third priming mechanisms are
rifampin resistant and both require primase, the 60,000-
dalton product of the dnaG gene (139). On phage G4 DNA,
primase catalyzes synthesis of an RNA or hybrid RNA-DNA
primer that is initiated at a unique site on the viral strand

retained strand

replacement strand

DNA polymerase |l

DNA helicase | (pTral)

cell envelope

transferred strand

ol )« DNA polymerase Ill

DNA binding protein

FIG. 4. Model for the conjugative transfer of F. A specific strand of the plasmid (thick line) is nicked at oriT by the traYZ endonuclease
and transferred in the 5’ to 3’ direction through a pore, perhaps involving the traD protein, formed between the juxtaposed donor and recipient
cell envelopes. The plasmid strand retained in the donor cell is shown by a thin line. The termini of the transferred strand are attached to the
cell membrane by a complex that includes the endonuclease. DNA helicase I (zral product) migrates on the strand undergoing transfer to
unwind the plasmid duplex DNA; if the helicase is in turn bound to the membrane complex during conjugation, the concomitant ATP
hydrolysis might provide the motive force to displace the transferred strand into the recipient cell. DNA transfer is associated with synthesis
of a replacement strand in the donor and of a complementary strand in the recipient cell (broken lines); both processes require de novo primer
synthesis and the activity of DNA polymerase 111 holoenzyme. The model assumes that a single-strand binding protein coats DNA, to aid
CDS; depending upon the nature of the pore, this protein might even be transferred from donor to recipient cell, bound to the DNA.
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(140, 175). The other primase-dependent mechanism, uti-
lized in complementary strand synthesis on $X174 DNA,
requires a mobile, multiprotein complex termed the primo-
some which, in addition to primase, contains E. coli proteins
i, n, n’, and n" together with the dnaB and dnaC gene
products (8). The primosome is believed to be assembled at a
unique site on $X174 DNA, at or near the recognition site of
protein n’, and from here the complex moves processively
along the DNA template in the 5’ to 3’ direction to initiate
synthesis of multiple primers at preferred sites (8, 11, 144).
Utilization of these sites is thought to require the activity of
dnaB protein to modify the secondary structure of the DNA
for recognition by primase (9).

The mechanism described for the priming of $X174 com-
plementary strand synthesis may function in lagging strand
synthesis during replication of the E. coli chromosome and
of some plasmids (103). A protein n’ (also designated factor
Y) recognition site has been detected in each of the strands
of ColE1 (125) and pBR322 (118, 146, 187), and short DNA
segments containing signals for initiation of primosome-
dependent DNA synthesis have been isolated from pDF31
(mini-F), pACYC177 (derived from the small multicopy
plasmid p15A; 33), and CloDF13 (162). Comparison of the
nucleotide sequences of the appropriate regions of these
plasmids and $X174 DNA indicates that inverted repeat
structures may be involved in protein n’ recognition and that
the hexanucleotide 5'-AAGCGG-3’' may be the consensus
sequence of part of the recognition element (118, 144, 162).

Replacement Strand Synthesis in the Donor Cell

DNA polymerase I1I holoenzyme is responsible for syn-
thesis of DNA to replace the transferred strand of F, as
indicated by the absence of DCDS during transfer of F lac
from dnaFE486(Ts) donor cells (99). Comparable studies have
not been done with other plasmids, but detection of substan-
tial DCDS in DNA polymerase I-deficient (polAl) cells (178)
is consistent with participation of DNA polymerase I1I in the
Incla plasmid conjugation system too.

The rolling-circle model for DNA transfer predicts that the
3’-OH terminus of the DNA undergoing transfer serves to
prime continuous synthesis of the replacement strand (78).
However, the model may not be valid in view of indirect
evidence that DCDS of both F and Incla plasmids requires
de novo synthesis of RNA primers, as reviewed below. In
this context, it is notable that in vivo synthesis of viral
strands of $X174 DNA from the replicative form, a process
formally similar to plasmid transfer and DCDS, may also
proceed discontinuously and require RN A priming (115, 121,
122, 152), even though studies with DNA polymerase III
holoenzyme show that the 3'-OH terminus can be extended
in vitro (60).

Investigations involving four different dnaB(Ts) alleles
have established that transfer and DCDS of F (27, 28, 119,
166, 178), R64drd-11 (65), and Collb-P9drd-1 (178) occur
independently of dnaB protein and thus of the primosome.
However, the thermoresistance of dnaB mutants may be
enhanced or diminished by a variety of conjugative plas-
mids, including representatives of the IncFII and Incla
groups, and this led to the suggestion that plasmids carry ban
(dnaB analog) genes which may act in conjugation (167, 168).
Although search for one such ban protein was initiated (109),
evidence favoring the presence of these genes on conjugative
plasmids remains of a genetic nature (V. N. Iyer, personal
communication).

The dnaB independence of DCDS has provided a conve-
nient experimental system which can be used in conjunction
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with specific inhibitors or plasmid mutants to investigate the
requirements for the process. The discovery that rifampin,
but not an inhibitor of protein synthesis, blocked DCDS of F
lac in dnaB cells while allowing plasmid transfer to proceed
indicated that the strand undergoing transfer is not elongated
efficiently from its 3’ terminus and suggested that untranslat-
ed RNA primes synthesis of the replacement strand (99).
Furthermore, this result implies that DCDS of F cannot be
initiated by E. coli primase acting either independently of
primosome components or in conjunction with a putative
ban protein. However, by analogy with RCDS (next sec-
tion), it remains possible that more than one primer-generat-
ing process may function in wild-type cells and, whereas the
primosome may provide one such mechanism, RNA poly-
merase substitutes effectively in its absence. Requirement
for de novo synthesis of a primer contrasts with the ability of
the 3'-OH terminus of nicked \ oriT* phage genomes to
prime DNA synthesis by DNA polymerase I (see section,
““Nicking at oriT"’). Possibly packaging of the phage genome
competes successfully with the sequestering reaction that
makes this terminus unavailable in vivo.

Figure 3a shows that the nontransferred strand of F, which
would act as template for the synthesis of an RNA primer(s),
contains a potential promoter in the double-stranded region
to the right of the oriT nicks as drawn (—35 sequence,
nucleotides 255 to 250; —10 sequence, nucleotides 230 to
225). This putative promoter overlaps the long region of
dyad symmetry mentioned earlier (see section, ‘‘Nicking at
oriT”’), although the significance of this is not known. After
transfer has begun, DNA corresponding to the promoter for
gene ‘X’ located just to the left of the \ oriT nicks would be
single stranded, and it is therefore unlikely that this could
serve as template for primer synthesis by RNA polymerase.
The hexanucleotide AAGCGG is not present in the 127
nucleotides to the left of the oriT nicks, suggesting that this
region lacks a protein n’ recognition site, but one might be
located yet further away beyond the Bglll site where se-
quencing data stop. The putative protein n’ recognition site
near nucleotides 233 to 238 (AAGCGGQG) is in a region that
remains double stranded until the end of F DNA transfer,
and it is not known whether this could play a role in initiating
DCDS.

Although transfer of F normally occurs simultaneously
with DCDS, it is not dependent upon this synthesis. This
was first demonstrated in matings involving thymine-de-
prived Hfr dnaB donor cells at restrictive temperature (142)
and was confirmed by the observations that dnaE or rifam-
pin-treated dnaB donors of F lac transferred DNA efficiently
at 42°C in the absence of DCDS (99). The converse situation
has been reported since DCDS, but not DNA transfer, was
detected at high temperature when dnaB cells containing F
traG or traN mutants were added to potential recipient cells
(99), and also when Hfr dnaB donors were mixed with F*
minicells (134).

RNA primers have also been implicated in conjugative
synthesis of Incla plasmids. Models invoking RNA polymer-
ase for synthesis of an untranslated RNA primer to initiate
DCDS, and DNA transfer itself, stemmed from the finding
that rifampin blocked both processes more effectively than
chloramphenicol when dnaB donors of R64drd-11 were
mated with recipient minicells at 42°C (47, 66). However, in
a subsequent study rifampin did not inhibit early transfer of
Collb-P9drd-1 between dna* cells at 37°C and, since the
drug was found to cause a general disruption of DNA
metabolism in Incla plasmid-containing bacteria, it was
suggested that this was responsible for rifampin curtailing
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transfer of these plasmids, rather than inhibition of the
synthesis of an essential species of RNA (19). Irrespectlve of
such experiments with rifampin, RNA synthesis in the donor
cell must remain a candidate for initiating transfer or some
other essential aspect of conjugative DNA metabolism,
because inhibition of cytidine utilization in dnaB donors of
Ré4drd-11 was found to depress the yield of transconjugants
(123). The affected enzyme might be the Incla plasmid-
encoded DNA primase (see below), since this synthesizes
cytidine-containing RNA primers and enzyme supplied by
the donor parent is involved in initiating CDS in both donor
and recipient bacteria (35). Thus, as in the case of F,
conjugative synthesis of an Incla plasmid in the donor cell
apparently requires de novo synthesis of a primer sequence,
although different primer-generating mechanisms seem to be
involved in the two conjugation systems.

Further studies of conjugative plasmids are clearly re-
quired, not only of the initial priming events but also of the
continuity or otherwise of replacement strand synthesis
which is assumed to be a continuous process in Fig. 4. There
is @ similar lack of information about the final stages of
DCDS involving primer removal, gap filling, and ligation of
the termini of the newly synthesized strand; presumably
these stages involve bacterial enzymes such as DNA poly-
merase I and DNA ligase. The functions of these enzymes in
DNA replication have been reviewed recently (102, 103,
129). '

The small size of ColE1 and of other nonconjugative
plasmids has precluded experiments to measure their syn-
thesis during transfer, and hence the effects of dna mutations
and rifampin on CDS of these plasmids are unknown. Most
models for the transfer of ColE1 assume that the relaxation
complex nic site is the origin of transfer, that the nicked H
strand is transferred with a leading 5’ terminus, and that the
3’-OH terminus of this strand is elongated continuously by
DCDS (148, 157, 172). However, if DCDS of ColE1 requires
de novo synthesis of a primer, the necessary sequence might
be made by a primosome formed at rriA. This locus, which is
situated between oriV and nic in the L strand (Fig. 2 and 3b),
contains a protein n’' recognition site and it is therefore
implicated in primosome assembly. The site may function to
initiate discontinuous synthesis of the H strand during
vegetative replication (16, 125), although properties of
pBR322 deletion mutants imply that it is not essential for this
process (163). In conjugation, rriA might be left in a single-
stranded form appropriate for primosome assembly and,
allowing for migration of this multiprotein complex on
single-stranded DNA, primer synthesis might occur between
rriA and nic. Such a primer would allow continuous synthe-
sis of a replacement strand in the donor cell, in the leftward
direction in Fig. 2.

Complemenitary Strand Synthesis in the Recipient Cell

Conjugative DNA metabolism in the recipient involves
two major events: synthesis of DNA complementary to the
transferred strand and circularization of the plasmid DNA.
Although both events may involve plasmid-encoded prod-
ucts supplied by the donor cell, neither requires expression
of plasmid genes in the recipient cell because covalently
closed circular duplex DNA can be formied in rifampin-
treated recipients of either F (90) or Collb-P9drd-1 (20)
Efficient mobilization and inheritance of plasmids carrying a
cloned oriT site but no tra genes provide further confirma-
tion (62). RCDS has proved more amenable to study than the
correspondmg process in the donor because it can be detect-
ed in cells heavily irradiated with UV light to render resident
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DNA unusable as a template for DNA synthesis (72). This
procedure allows measurement of RCDS both in dna*
strains and in those temperature-sensitive dna mutants that
continue to synthesize a significant amount of DNA even at
the restrictive temperature. Use of this approach in conjunc-
tion with Rldrd-19 (IncFII) has shown that the transferred
DNA is initially replicated in association with the membrane
of the recipient cell to give linear double-stranded molecules,
and these are then converted into open and covalently closed
circular forms present in the cytoplasm (64). That RCDS
precedes circularization (Fig. 4) is assumed also to be true
for other conjugative plasmids, but it may not be true for
nonconjugative plasmids (see below).

Conjugative synthesis of F lac and Collb-P9drd-1 in
recipient cells requires dnaE product and is presumably
mediated by DNA polymerase III holoenzyme (178), but
different primer-generating mechanisms are used in the two
conjugation systems. In the case of F-prime plasmids, RCDS
has been detected at restrictive temperature in recipients
carrying the dnaB266 or dnaB70 allele (27, 178). However,
conflicting results were obtained with dnaB43 mutants since
such recipient cells failed to support RCDS in one study (27),
whereas synthesis of DNA and formation of covalently
closed circular plasmids apparently occurred at restrictive
temperature in another dnaB43 strain of different back-
ground genotype (166). Since dnaG3(Ts) mutants also sup-
ported RCDS of F lac (18), it may be inferred that neither the
primosome nor the primase of the recipient cell is essential
for initiating DNA synthesis on the transferred strand of F.
Like DCDS, RCDS of F lac was found to be rifampin
sensitive in dnaB mutants, but the process was resistant to
the drug in dna* recipients (178). These observations may be
reconciled if it is assumed that primers for synthesis of DNA
complementary to the transferred strand of F may be made
by either RNA polymerase or the activity of the primosome,
but not by primase alone, and that when one of these
systems is inactivated, the other can substitute effectively.
No promoter or protein n’ recognition site (AAGCGG) 1is
apparently present in the first 127 nucleotides of F DNA to
be transferred, which is the extent of the available sequence
data (Thompson et al., submitted).

In contrast to F, none of the three defined priming
mechanisms specified by E. coli is essential for initiating
conversion of the transferred strand of an Incla plasmid to
double-stranded DNA, since RCDS proceeded in dnaB and
dnaG recipient cells and, in both mutants, it was rifampin
resistant (20, 21, 178). The possibility that the donor cell
provides dnaG protein or RNA polymerase for this process
may be discounted (21). It is now apparent that conjugative
synthesis of an Incla plasmid in the recipient is initiated
primarily by the activity of a plasmid-encoded DNA primase
supphed by the donor cell (see next section).

It is not known whether complementary strand synthesis
in the recipient cell is a continuous or discontinuous process,
but Fig. 4 assumes discontinuous synthesis involving forma-
tion of multiple primer sequences. Although this is the more
complex mechanism, it has the appealing property of mini-
mizing accumulation of single-stranded DNA in the recipient
cell, and thus reducing the potential vulnerability of the
transferred DNA to irreparable damage such as single-strand
breaks. In common with DCDS, there is a scarcity of
information about the final stages involving primer removal
and ligation of the termini of the newly synthesized DNA.

Several studies pertain to the priming of RCDS of ColE1l
and of other nonconjugative plasmids. The primosome is the
most likely candidate for initiating conjugative synthesis of
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ColE1 in the recipient cell since the ColE1 H strand, which is
thought to be the conjugatively transferred strand (172),
contains a locus called rriB that can promote rifampin-
resistant initiation of DNA synthesis by a process dependent
on E. coli proteins constituting the primosome (16, 125). The
rriB site, which is recognized in vitro by protein n’ and may
therefore serve as the assembly site of the primosome, lies in
the Haell-C fragment of ColE1 (16, 125, 187; Fig. 2). This
fragment also contains nic. Since ColEl deletion mutants
lacking this fragment can be isolated (131, 132, 160, 172),
rriB is not essential for vegetative DN A replication, fostering
the view that the site acts as the origin of complementary
strand synthesis in the recipient cell. The same suggestion
has stemmed from parallel studies of the protein n’ recogni-
tion site on the H strand of the Haell-B fragment of pBR322
(188), this site likewise being inessential for plasmid replica-
tion (163). Since rriB is one of the last sequences to be
transferred, RCDS would be initiated at the completion of
ColE1 transfer, presumably after circularization of the trans-
ferred strand, rather than by multiple priming events during
DNA transfer as we have assumed for large conjugative
plasmids. It is interesting that no initiation signal for primo-
some-dependent DNA synthesis was detected in an 850-bp
fragment of CloDF13 spanning the origin of transfer (162).
Thus, RCDS of this plasmid may be initiated at a different
location or by a different mechanism from that used in ColE1
transfer.

Alternatively, RCDS of ColE1 might be initiated by RNA
polymerase, possibly acting from the cyclic AMP receptor
protein-dependent promoter close to nic (137; Fig. 2 and 3b).
However, there is no inverted repeat sequence in this region
to provide the necessary double-stranded DNA substrate,
and this promoter may instead be used for transcription of
the nearby mob genes (68).

The striking proximity of nic and the origin of vegetative
DNA replication (oriV) in a number of plasmids including
ColE1, pSC101, RSF1010 (IncQ), and the conjugative plas-
mid R6K (IncX), where there is a nic site close to each of
two oriV sites, inspired the suggestion that the two sites are
functionally related during conjugative transfer (127). The
essential features of the model are that DNA synthesis is
initiated at oriV in the donor cell to proceed towards nic on
the strand destined for transfer and that this newly synthe-
sized DNA sequence is transmitted with the transferred
strand to the recipient where it acts to prime RCDS. Howev-
er, two recent findings cast doubt on the validity of this
model. First, cloning experiments with derivatives of ColE1,
which replicates unidirectionally (93, 113; 159), have shown
that the position and, more significantly, the orientation of
nic relative to oriV can be changed without affecting conju-
gative mobility (69). In the case of the constructs with an
inverted nic site, the hypothetical DNA primer would be
complementary to the nontransferred strand, and it would
remain in the donor cell. The reason for apparently contra-
dictory findings with pMB1 derivatives (46) is not clear.
Second, RP4-mediated mobilization of R300B (which is
similar to RSF1010) seemingly requires the DNA primase
encoded by the conjugative plasmid for efficient RCDS in
certain genera (108); involvement of such an enzyme in this
process would not be expected if it were initiated by the
putative DNA primer.

Single-Stranded DNA Binding Proteins

By analogy with phage and bacterial DNA replication,
conjugative DNA synthesis is likely to require a single-
stranded DNA binding protein (SSB). The E. coli SSB
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protein binds cooperatively to single-stranded DNA, desta-
bilizes duplex DNA, and is required in vivo for DNA
replication (see references 75, 102, 103, 174). More pertinent
to conjugative DNA metabolism, it acts during in vitro
synthesis of the complementary strand on DNA of phages
M13, G4, and $X174 to promote correct initiation and to
enhance chain elongation by DNA polymerase III holoen-
zyme. Involvement of SSB protein in DCDS and RCDS has
yet to be examined and temperature-sensitive ssb mutants
(79) will be useful in this regard.

Some conjugative plasmids specify their own single-
stranded DNA binding proteins. Plasmid F and representa-
tives of the FII and Ia incompatibility groups partially
reverse the temperature sensitivity of E. coli ssb-1 mutants,
and the F product responsible for this suppression is known
to be a single-stranded DNA binding protein (101; E. Golub
and B. Low, personal communication). This protein has
extensive homology with SSB and a molecular weight calcu-
lated from the DNA sequence of 19,505 (34). It is encoded by
a gene, denoted ssf, located at about coordinate 59.5 on our
map (Fig. 1) in a segment of F that is outside the transfer
region and transferred early during conjugation (101). Sup-
pression of ssb-1 by R64 (Incla), but not by R1 or R100
(IncFII), was dependent on a drd mutation in the plasmid,
and since such mutations derepress expression of transfer
genes, the putative single-stranded DNA binding protein of
Incla plasmids may participate in conjugative DN A metabo-
lism. If the protein functions in RCDS, it would presumably
be transported from the donor cell because this DNA
synthesis does not require expression of genes on the
transferred plasmid strand, as discussed earlier.

Plasmid'DNA Primases

A variety of plasmids specify DNA primases, and these
enzymes are thought to generate primers for conjugative
DNA synthesis. Existence of plasmid DNA primases was
first suggested by the discovery that Incla plasmids can
partially suppress the effect of temperature-sensitive dnaG
mutations in E. coli (176), and it was demonstrated directly
by the purification of a novel primer-generating enzyme from
bacteria harboring R64drd-11 (109). Subsequent studies in-
cluding Collb-P9drd-1 and R144drd-3 have shown that all
three Incla plasmids contain homologous primase genes (51)
and that they specify synthesis of the same enzyme as judged
by immunological cross-reaction and electrophoretic mobil-
ity of plasmid products (52, 177). The primases encoded by
this group of plasmids will therefore be considered together.

Incla plasmid primase, which is antigenically distinct from
E. coli primase (177), can utilize a surprising diversity of
templates both in vitro and in vivo. The enzyme can act on
viral strands of phages fd (and M13), G4, and $X174,
substituting for the activities of E. coli RNA polymerase,
dnaG protein, and at least the dnaB, dnaC, and dnaG protein
components of the primosome, respectively (109). In vivo
the enzyme can substitute for E. coli primase during discon-
tinuous DNA replication, allowing, in the case of dnaG3(Ts)
mutants, extensive colony formation at high temperature
and replication of phage A DNA and Incla and ColEl-like
plasmids (176, 177).

The primase of Incla plasmids acts in a rifampin-resistant
process to make RNA primers that are utilized both in vitro
and in vivo by DNA polymerase III holoenzyme (109, 177).
Functional primers made in vitro range in size from 2 to
about 10 nucleotides and, in contrast to those made by E.
coli primase which have a purine in the initiating nucleotide
(10, 140), they contain cytidine or CMP at the 5’ terminus
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with AMP as the second nucleotide (E. Lanka, personal
communication). The enzyme can recognize a 3'-dGdT-5'
sequence located at the end as well as within a polydeoxyri-
bonucleotide strand; ability to use the 3'-terminal nucleotide
in a linear template, an exceptional property for a primer-
generating enzyme, may prove to be a significant attribute
for the proposed role of the enzyme in conjugative DNA
synthesis.

The Collb-P9 primase locus, termed sog, specifies two
polypeptides of 240,000 and 180,000 apparent molecular
weights, and as these are immunologically cross-reactive,
they share a common amino acid sequence. These proteins
are thought to be generated from a single transcript by in-
phase translation from two initiation sites (22, 177). Only the
larger polypeptide has DNA primase activity, and it may be
multifunctional since properties of amber and deletion mu-
tants have shown that primase activity requires only the
amino-terminal one-third or so of this protein; indeed, some
truncated forms of this polypeptide are more effective than
the wild-type protein in promoting bacterial DN A replication
in a dnaG mutant of E. coli (22, 177). Although R64drd-11
primase activity was initially reported to be associated with a
140,000-dalton polypeptide (109), which was subsequently
shown to react with antiserum raised against ColIb-specified
DNA primase, a protein of this size cannot be detected in
crude cell extracts using an immunoassay, and it may have
been formed during the purification process by degradation
of a larger molecule (Lanka, personal communication).

Table 2 shows that a variety of other groups of plasmids
have the potential to suppress the dnaG3 mutation, and in
general, these also specify a DNA primase activity. The
assay used so far has measured the ability of crude cell
extracts to stimulate DNA synthesis on viral strands of
phage fd or M13 in the presence of rifampin. Although a wide
range of plasmids are currently classified as primase nega-
tive (108), it is possible that some may specify priming

TABLE 2. Plasmids with the potential to suppress the E. coli
dnaG3 mutation and to specify DNA primase®

. Suppression Primase
Representative Inc of dnaG3 activit

plasmid(s) group” (reference)” (referenc);)‘
R16, TP125¢ B + (51) + (51, 108)
R864a, RIP72¢ B + (51) + (52)
R40a C + (50) + (50)
Collb-P9, R64° Ia + (143, 176) + (109, 177)
TP114 12 Not known + (108)
R621a° Iy(B) + (51, 143) + (108)
R805a¢ I + (51) + (50)
R391 J + (50, 143) - (50)
R387¢ K + (50) + (50, 108)
R831b M - (50) + (108)
RP4, R68 - 45 P + (108, 114) + (108)
RA3 U + (50) + (50)

“ Note that detection of one or both of these properties may
require mutants of the plasmid.

®Incla, -ly, -I{, -B, and -K plasmids show significant DNA
homologies and specify serologically related pili (see reference 41

for a recent summary). R621a has been designated an Incly plasmid -

(Appendix B in reference 32) but it is incompatible with IncB
plasmids (41).

¢ +, Detected; —, not detected.

4 Plasmids on these lines contain nucleotide sequences homolo-
gous with the R16 primase gene (50, S1).

¢ Plasmids on these lines contain nucleotide sequences homolo-
gous with the Collb-P9 primase gene (51).
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enzymes that are not detectable in this assay because they
possess a greater template specificity.

At least three different plasmid DNA primases have been
found, the prototypes of which are encoded by Collb-P9,
R16(IncB), and RP4(IncP). The primase genes of Collb-P9
and R16 are distinguishable by DNA hybridization tests and
their products are antigenically distinct (51). However, the
organization of the two genes may be the same because the
pri gene of R16 specifies two polypeptides similar in size
to the products of the Collb-P9 sog gene (50). IncB, -Ia, -1,
and -K plasmids, which show significant levels of polynucle-
otide sequence homology (41, 63, 80), can be separated into
two sets depending on whether they contain sequences
homologous with the cloned primase genes of Collb-P9 or
R16 (50, 51), but these sets (Table 2) do not correlate with
other groupings of these plasmids based on incompatibility
(41, 53), pilus serotype (24), or host range of plasmid-
dependent bacteriophages (41). v

RP4 encodes a primase that is immunologically distinct
from the enzymes specified by the Collb-P9 sog gene and the
E. coli dnaG gene (108). Moreover, the pri genes.of RP4 and
R16 differ since the cloned R16 determinant does not hybrid-
ize with RP4 (50). The RP4 pri gene directs synthesis of two
antigenically related polypeptides of 118,000 and 80,000
daltons, and unlike the products of sog, both proteins
possess primase activity (108). Despite these differences,
RP4 and Incla plasmid primases are similar with regard to
templates that can be utilized in vitro (108), the products of
their reactions, and also their ability (requiring enzyme
overproduction in the case of RP4 primase) to promote
bacterial DNA replication in a dnaG3 strain of E. coli at
restrictive temperature (Lanka, personal communication).

Primase-defective mutants of RP4 (108) and a Collb-
P9drd-1 derivative (35) have been isolated and used to
examine the function of this class of enzyme. Plasmid
maintenance studies indicated that the primase specified by
ColIb-P9 is inessential for vegetative plasmid replication,
although the RP4 enzyme may make a small contribution to
this process. However, both types of mutant showed some
deficiency in conjugation, implying that plasmid DNA pri-
mases act in conjugative DNA metabolism. This is consist-
ent with the observation that the primase genes of Incla
plasmids (108, 176, 177), R621a (Incly/B; 143), and R864a
(IncB; 52) are coordinately regulated with the transfer genes
and also with the suggestion that the RP4 pri gene constitutes
part of the Tral region of the plasmid (108).

The DNA primase of RP4 was required for efficient
conjugation in certain intergeneric matings (108). Whereas
the yield of transconjugants was normal when E. coli donors
of the pri mutants were mated with six recipient species,
including E. coli and Pseudomonas spp., it was depressed by
up to 95% in matings with five other species, including
Salmonella typhimurium. Since this effect depended on the
species used as the recipient rather than the donor, it was
postulated that the enzyme participates in the priming of
DNA synthesis on the transferred plasmid strand and that
this activity is necessary for the formation of transconju-
gants in a bacterial species producing a DNA primase that
does not efficiently recognize priming sites on RP4.

The primase-defective mutants of Collb-P9drd-1 were
about 80% deficient in conjugation in both E. coli and S.
typhimurium (35). It was inferred from measurements of
conjugative DNA synthesis that, although the plasmid en-
zyme is not required for DNA transfer itself, it participates
in the donor cell to initiate synthesis of DNA to replace the
transferred strand, and it acts to prime synthesis of the
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complementary strand in the recipient. Primase encoded by
the dnaG gene of the recipient cell can function in the latter
process with low efficiency, thus explaining the partial
conjugation proficiency of the mutant plasmids.

Initiation of complementary strand synthesis in the recipi-
ent by plasmid primase is thought to be mediated by enzyme
supplied by the donor parent. This hypothesis (21) received
strong support from the demonstration that a non-mobiliza-
ble Sog* recombinant plasmid in the donor could comple-
ment a primase-defective mutant of Collb-P9drd-1 and stim-
ulate RCDS (35). The primase, which binds to single-
stranded DNA (109), is apparently transferred between
conjugating bacteria because dnaG3 recipient cells, treated
with rifampin to inhibit transcription of the transferred
DNA, acquired limited ability to synthesize chromosomal
DNA during a mating at restrictive temperature with donors
containing an Incla plasmid (L. Chatfield and B. Wilkins,
unpublished data). Therefore, primers might be made in the
donor and transferred with the DNA and enzyme, or they
might be synthesized in the recipient cell after enzyme
transfer.

It is not clear why some conjugative plasmids encode a
DNA primase while others may not. Clarification will re-
quire a greater understanding of these large proteins and in
particular of the role of the domain that is inessential for
primase activity. It is apparent that the transferred DNA of
Incla or IncP plasmids is not utilized efficiently by the
priming enzymes of certain gram-negative bacteria, even
though the host enzymes presumably function to initiate
discontinuous replication of these plasmids. Possibly the
cellular location or the conformation of the transferred
strand is inappropriate for the activity of host enzymes, or
the recognition sites are masked by a product, such as a
plasmid-encoded single-strand binding protein, which acts to
optimize some other aspect of conjugative DNA metabo-
lism.

CIRCULARIZATION OF TRANSFERRED DNA

The rolling-circle model for DNA transfer (78) hypothe-
sized transfer of linear single-stranded DNA of greater than
unit length, and this raised the possibility that circularization
occurs in the recipient cell by recombination between ho-
mologous DNA regions. Even though the recA indepen-
dence of plasmid inheritance (35) showed that a host-
encoded recombination mechanism is not required, a
plasmid-encoded system might substitute (but see below).
Two early investigations of F- and F-prime-mediated conju-
gation showed that the recipient cells accumulated DNA that
sedimented more rapidly than linear plasmid monomers,
leading to the suggestion that plasmid strands of greater than
unit length are indeed transferred (120, 130). However, the
relative sedimentation rates of linear and circular forms of
the plasmids were not determined, and it is possible that the
transferred DNA was in fact in the form of monomeric
circles. The latter interpretation is favored by results of
subsequent studies with F and Rldrd-19, indicating that the
plasmid DNA recovered from recipient cells was predomi-
nantly in the form of monomeric molecules, with up to one-
half being covalently closed circles of unit length (64, 90,
165, 166). Similarly, transferred Collb-P9drd-I DNA was
found in the form of circular and linear monomers, even
when the cells were mated under conditions that impeded
termination of conjugation and allowed transfer of about five
plasmid strands from each donor cell (20). Although none of
these experiments rule out the possibility of transfer of
concatemeric DNA and its rapid cleavage into monomeric
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molecules, such a model is inconsistent with the detection of
a delay of several minutes between first-round transfer of
R64drd-11 DNA to minicells and second-round transfer of
the newly synthesized replacement strand (65) and of a
requirement for protein synthesis in the donor cells for
initiation of second and subsequent rounds of plasmid trans-
fer (66). Furthermore, the discovery that de novo synthesis
of a primer is apparently required in donor cells to initiate
synthesis of DNA to replace the transferred strand of F lac
(99) or Collb-P9drd-1 (35) implies that the 3’ terminus of a
strand undergoing transfer cannot be extended, in contrast
to the prediction of the rolling-circle model.

We therefore conclude that plasmids are transferred as
discrete strands of unit length. If so, a mechanism must exist
for the precise religation of the 5’ and 3’ termini at oriT.
Involvement of a plasmid-encoded system expressed after
DNA transfer is unlikely since circularization of transferred
F and Collb-P9drd-1 DNA occurs in the absence of plasmid
gene expression in the recipient cell (20, 62, 90). An attrac-
tive possibility is a process analogous to that described for
circularization of monomeric lengths of $X174 DNA by the
gene A endonuclease-ligase during virus multiplication (59).
Thus, upon nicking at oriT, the 5’ terminus would be
covalently linked to a membrane protein, perhaps conserv-
ing the energy of the cleaved phosphodiester bond, and after
completion of DNA transfer, this protein would recognize
the 3' terminus (possibly also protein bound) and ligate it to
the 5’ terminus. The traYZ endonuclease is a candidate for
this protein in F transfer (61). A similar mechanism has been
proposed for circularization of transferred ColE1 DNA; in
this case the process is postulated to involve the 60,000-
dalton protein of the relaxation complex (172). Circulariza-
tion of transferred DNA by a mechanism that ligates the two
termini at oriT is supported by the discovery that ColE1 and
related plasmids can form cointegrates by a recA-indepen-
dent process after their mobilization from the same donor
cell and that the component plasmids in such cointegrates
can separate during further conjugative transfer, again by a
mechanism that is independent of recA protein (29, 169). The
site of cointegration was found to lie at or within 47 bp of the
ColE1 relaxation complex nick site (29), and separation also
required the presence of two nic sites (169). Thus, cointegra-
tion may result from ligation of the 5' terminus of one
transferred molecule to the 3’ terminus of another, and vice
versa. Separation may occur if both oriT sites in a cointe-
grate are nicked in the donor cell, or if only one site is nicked
before transfer and the other is recognized and nicked as it
enters the recipient cell. Conjugative dissociation of plasmid
multimers is not restricted to ColE1-related plasmids since a
tetramer of a chimeric plasmid containing the F oriT on a ca.
385-bp fragment was very efficiently monomerized after its
mobilization by F lac between recA strains (62).

Circularization of the transferred strand provides a contin-
uous covalently closed template which is required for the
completion of complementary strand synthesis. After re-
moval of RNA primers and ligation of the termini of the
newly synthesized DNA, a topoisomerase, such as DNA
gyrase, presumably introduces negative superhelical turns to
generate the plasmid forms necessary for efficient transcrip-
tion and the initiation of vegetative DNA replication.

CONCLUSIONS

It is apparent from this review that our current perspective
of conjugation is dominated by knowledge of IncF and, to a
lesser extent, Incl plasmids. However, despite the very
sophisticated information available on the organization of
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the F transfer genes and their general role in the transfer
process, much remains to be learned about the biochemistry
of the tra gene products involved in conjugative DNA
metabolism. The activity of only one, the DNA unwinding
protein specified by tral, has been characterized in vitro,
and analogous studies of the others, including the traYZ
endonuclease and the traD and traM proteins, remain to be
carried out. In addition to plasmid-specified products, bacte-
rial proteins are required for synthesis of RNA primers and
for conjugative DN A synthesis itself. The molecular interac-
tions between plasmid and host proteins and their DNA
substrates for the interconnected processes of nicking at
oriT, triggering of conjugation, unwinding of DNA, and
synthesis of RNA primers require further clarification. Also,
the contributions to primer synthesis in wild-type donor cells
of RNA polymerase, the primosome, and (in some cases)
plasmid-specified primase have yet to be evaluated. The
novel concept that some proteins that play a role in conjuga-
tive DNA metabolism in the recipient cell, such as plasmid
primase, tra membrane proteins, and perhaps single-strand
binding protein, are physically transferred from the donor
cell warrants further investigation.

In summary, we anticipate that two approaches will be
particularly rewarding in future research. First, there is a
need to characterize the fundamental aspects of plasmid
DNA metabolism in a range of different conjugation sys-
tems. Comprehension of the conjugative metabolism of large
plasmids other than F is fragmentary, as is understanding of
the molecular interactions involved in the mobilization of
small nonconjugative plasmids. Indeed, the central tenet of
many models of plasmid transfer, transmission of a specific
single strand with a leading 5' terminus, has only been
proven for F. These studies are therefore required to allow
both definition of general principles and recognition of the
diversity of molecular interactions that may occur. Second,
the development of in vitro systems to study the enzymology
of conjugative transfer and synthesis of plasmid DNA is
likely to be invaluable. Analysis of the details of these
processes through in vivo studies is technically challenging
because only a minority of the DNA in cells is transferred,
and detection and identification of intermediates are further
complicated by the cell-to-cell interactions necessary for
initiation and continuation of DNA transfer.
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